BACKGROUND: Electrical impedance tomography measures changes in lung impedance, which are mainly related to changes in lung volume. We used electrical impedance tomography to investigate the effects of high-flow nasal cannula (HFNC) and body position on global and regional end-expiratory lung impedance variation (⌬EELI). METHODS: Prospective study with 20 healthy adults. Two periods were defined: the first in supine position and the second in prone position. Each period was divided into 3 phases. In the first and the third phases the subjects were breathing ambient air, and in the second HFNC was implemented. Four regions of interest were defined: 2 ventral and 2 dorsal. All men by nature desire to know.
Introduction
High-flow nasal cannula (HFNC) has been described as an excellent method of noninvasive oxygen delivery. In adult patients, warmed and humidified air can be delivered at up to 50 L/min, thus achieving a decrease in oxygen dilution, 1-3 a reduction of respiratory dead space, 2, 4 and the generation of a certain degree of positive airway pressure. 2, 3, [5] [6] [7] [8] This therapy is very well tolerated by patients with acute respiratory failure [9] [10] [11] [12] [13] [14] and has become a highly effective noninvasive oxygen delivery device in adults as well as children. [15] [16] [17] The possible mechanisms underlying this high efficacy of HFNC have been discussed, 4, 18 but, to our knowledge, only one recent published study has explored the effects of the therapy on lung volumes. 19 Prone positioning is a maneuver that improves oxygenation and respiratory mechanics in mechanically ventilated patients with acute lung injury [20] [21] [22] [23] and may reduce mortality in patients with severe hypoxemia. 24 The effects of this therapy on regional lung ventilation have been described in non-intubated healthy adult subjects 25 and in preterm infants on CPAP, 26 but its impact on lung volume distribution in adult subjects with HFNC therapy has not been discussed to date.
Electrical impedance tomography (EIT) is a noninvasive, non-ionizing, bedside method of monitoring bioimpedance changes related to different lung conditions, especially those related to regional ventilation. [27] [28] [29] Interestingly, good correlations have been found between changes in end-expiratory lung impedance (EELI) and changes in end-expiratory lung volume (EELV), 30, 31 which is equivalent to functional residual capacity in nonintubated subjects. Another important feature of EIT is the possibility of assessing regional changes of impedance. The technique has been used to evaluate the local dynamic behavior of the lung in spontaneously breathing healthy subjects. 25, 32 Thus, EIT can provide information in a noninvasive manner about the changes in global and regional EELI associated with HFNC application in 2 different body positions.
SEE THE RELATED EDITORIAL ON PAGE 715
The primary aims of this study were to compare the variation of global EELI associated with the high-flow application and to evaluate the influence of supine and prone position in regional impedance distribution. As a secondary aim, changes in breathing frequency between the different conditions were also measured, in view of the reports of a trend toward a decrease in the breathing frequency when HFNC is implemented. 1,2,11-13,25
Methods
The study was conducted at the critical care department of the tertiary University Hospital of Vall d'Hebron in Barcelona. The study was approved by the ethics committee on January 10, 2011 (reference PR_AG_210 -2010). Written informed consent was obtained from all subjects prior to the study.
Subjects
Twenty healthy volunteers were recruited. Exclusion criteria were age below 18 years, pregnancy, clinical evidence of respiratory illness, history of respiratory disease, body mass index over 50 kg/m 2 , and ribcage malformation. Height, weight, body mass index, and chest circumference were measured.
High-Flow Nasal Cannula Application
Totally conditioned medical air (F IO 2 0.21) was delivered via HFNC (Optiflow, Fisher & Paykel Healthcare, Auckland, New Zealand) at a constant flow of 40 L/min. The humidifier (MR850, Fisher & Paykel Healthcare, Auckland, New Zealand) temperature was set to 37°C, and the air was delivered by silicon, medium sized nasal cannulae (RT050/051, Fisher & Paykel Healthcare, Auckland, New Zealand). Subjects were asked to breathe with mouth closed.
Electrical Impedance Tomography Measurement
EIT has been described as a reliable method of monitoring pulmonary ventilation. The technique uses injection of high frequency and low amplitude electrical currents through 16 electrodes around the thorax to generate crosssectional images of the subject. Images of electrical impedance distribution are obtained from the resulting potential differences measured in the electrodes on the surface of the chest wall using a reconstruction algorithm. In the present study, EIT measurements were performed with the Pulmovista tomograph (Dräger Medical, Lübeck, Germany). The size of the rubber belt bearing the electrodes
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Current knowledge
Heat and humidification of high-flow oxygen via nasal cannula improves patient comfort and allows the cannula to serve as a high-flow oxygen system. The impact of high nasal flow on airway pressures and endexpiratory lung volume remains unsettled.
What this paper contributes to our knowledge
High-flow oxygen via nasal cannula in healthy subjects increased the end-expiratory lung volume and reduced the breathing frequency in both the supine and prone positions. Prone positioning resulted in more even distribution of end-expiratory lung volume in normal subjects.
was selected according to the chest circumference measurement. The contact surface of the electrodes was wetted with alcohol. The belt was applied between the 4th and the 6th intercostal space. Self-test calibration was made by the system. Resistivity of each electrode was assessed. A high signal quality was necessary to start the measurements. The position of the subject was not changed during the period of measurement, because this might have caused changes in impedance unrelated to the maneuvers under study. A stable breath pattern was needed to start the study. The impedance variation was evaluated during each phase. The system measured the impedance changes of the thorax slide, which was divided into 4 regions of interest: rightventral (region 1), left-ventral (region 2), right-dorsal (region 3), and left-dorsal (region 4). As impedance measurements are relative, a reference was needed to quantify the magnitude of the changes. The EELI variation (⌬EELI) of each respiratory cycle is expressed as a function of the tidal variation of the first stable respiratory cycle (units) of the first phase ( Fig. 1) .
Study Procedures
Two different study periods were defined and performed on 2 different days, each one divided into 3 phases. First, the subjects were assessed in supine position, breathing with the mouth closed. The electrical impedance tomograph was applied. After 2 min breathing ambient air, HFNC was applied for 4 min. Finally, another 2-min phase breathing ambient air completed this first study period. In each phase, global and regional ⌬EELI were measured as previously described. Since the clinical effects of HFNC are usually immediate and maintained over time, we designed the study with short exposure periods of time. Breathing frequency was also recorded. The same subjects were assessed in the second period of the study, this time assessed in prone position, breathing with the mouth closed. The period was also divided into the 3 phases described above. Global and regional ⌬EELI and breathing frequency measurements were made. Means of global and regional ⌬EELI in each phase were compared.
Statistical Analysis
The values are presented as mean Ϯ SD. A mixed-effect regression model was used to assess the mean changes in EELI. An unstructured covariance matrix was used to describe the repeated measures in each subject. Changes in breathing frequency (only one determination per subject, phase, and period) were estimated with a paired t test, and we report the 95% confidence intervals for the differences. Significance was set at a 2-tailed P value of .05. All analyses were performed using statistical software (R 11.1, R Foundation for Statistical Computing, Vienna, Austria).
Results
The characteristics of the 20 healthy volunteers are shown in the Table. There were major difficulties in obtaining a correct EIT signal in subject 11 because of incorrect belt fitting, so the data derived were not included in the analysis. Subject 14 was unable to be contacted during the second period of the study. No adverse effects were observed during HFNC use.
There were 41.02 Ϯ 15.97 measurements of ⌬EELI per subject in the first period of the study, with subjects breathing in supine position, and 30.63 Ϯ 11.84 measurements in the second period of the study, with subjects breathing in prone position.
Global ⌬EELI
In supine position, HFNC increased global EELI by 1.26 units (95% CI 1.20 -1.31, P Ͻ .001), compared to the first phase of ambient air breathing. Comparing the second phase and the third (ambient air breathing), there was a significant decrease in global EELI (1.30, 95% CI 1.25-1.35, P Ͻ .001) (Fig. 2) .
In prone position, similar changes in global ⌬EELI with HFNC were observed. During the HFNC phase an increase in global EELI of 0.87 units (95% CI 0.82-0.91, P Ͻ .001) was observed. Moreover, a decrease of 1.03 units (95% CI 0.98 -1.08, P Ͻ .001) was found between the second HFNC phase and the third ambient air phase (see Fig. 2 ).
Regional ⌬EELI
In supine position, higher values of regional EELI were observed in the ventral lung regions (Fig. 3) , comparing the first ambient air phase and the HFNC phase. Comparing the ⌬EELI of these ventral areas (region 1 and region 2) with the ⌬EELI of the dorsal areas (region 3 and region 4), a significant difference was found (0.22 units, 95% CI 0.21-0.23, P Ͻ .001, Fig. 4 ). A more homogeneous pattern of regional EELI variation was observed in prone position, with a lower increase in EELI in the ventral regions (Fig. 5) . In this position, no significant differences in ⌬EELI were evidenced when comparing ventral and dorsal areas (Ϫ0.01 units, 95% CI Ϫ0.01, 0, P ϭ .18) (Fig. 6 ).
Breathing Frequency
A decrease in the breathing frequency was observed between the first and the second phases in both periods. In the supine position there was a mean decrease of 2.73 breaths/min (95% CI 0.4 -5.08, P ϭ .02). In the prone position a mean decrease of 7.89 breaths/min (95% CI 4.38 -11.4, P Ͻ .001) was observed. In the supine position there was no significant difference in breathing frequency between the second (HFNC) and the third (ambient air) phases (0.10 breaths/min, 95% CI Ϫ2.17 to 2.38, P ϭ .92), but in prone position the breathing frequency of the third phase was 2.22 breaths/min (95% CI 0.83-3.61, P ϭ .003), higher than the second phase.
Discussion
These data demonstrate that the noninvasive application of HFNC increases EELI in healthy subjects, suggesting an increase in the functional residual capacity. This increase is significantly higher in the ventral lung regions when the subject is breathing in supine position; the distribution is more homogeneous when breathing in the prone position. To our knowledge, this is the first study reporting the effects of body position in impedance distribution in subjects with high-flow therapy. Furthermore, we also observed a decrease in the breathing frequency associated with the HFNC application.
There was a significant increase in global EELI, comparing breathing ambient air and breathing with HFNC, in both supine and prone positions. A good correlation has been previously demonstrated between changes in lung impedance measured by EIT and changes in lung volume, 30, [33] [34] [35] [36] [37] suggesting that the application of high-flow therapy could increase functional residual capacity. This finding was already reported in a recent study, 19 where HFNC significantly increased global EELI in a population of post-cardiac surgery patients with respiratory dysfunction. This effect is reversible, given that significant differences between the second phase (HFNC) and the third phase (ambient air) were observed. This increment of global EELI could be explained by the previously demonstrated generation of positive airway pressure when HFNC is applied 2, 3, [5] [6] [7] [8] 19 In fact, a strong and significant correlation between airway pressure and EELI during HFNC use has been recently described. 19 This positive airway pressure achieved correlates with flow administered, being up to 7 cm of H 2 O with 50 L/min. 2, 7 There are more outlier values observed in the HFNC measurements, regardless of body position (see Fig. 2 ). These outliers match with the first measurements done in the second phase. When the HFNC system is applied, it takes a few respiratory cycles to reach a stable breath pattern.
We demonstrated a significant difference in the distribution of the ⌬EELI when comparing the application of HFNC in supine and prone position. In supine position the regional ⌬EELI of the ventral regions of the lung parenchyma was significantly higher than the regional ⌬EELI of the dorsal regions. This fact was not observed when the subject was in prone position, in which ⌬EELI distribution is more homogeneous. This finding is consistent with a previous report on prone positioning in ARDS-affected mechanically ventilated patients. 38 In these patients, prone position may induce a more homogeneous distribution of transpulmonary pressure, and hence of alveolar inflation, although patients' conditions could be different from those of our population. Diaphragm movement in spontaneously breathing subjects plays an essential role in alveolar inflation distribution, a condition that is usually minimized with mechanically ventilated patients in prone position.
Riedel and co-workers assessed the effect of prone positioning with EIT in spontaneously breathing subjects, where a continuous positive airway pressure (CPAP) was applied, 25 observing that in supine position ventilation in the dorsal regions remained unchanged from 0 to 10 cm H 2 O CPAP, but increased in the ventral areas, while in prone position the ventral regions showed reduced ventilation at 10 cm H 2 O CPAP. This tendency toward a more heterogeneous ventilation pattern in the supine position was also demonstrated in an animal model ventilated with a PEEP of 10 cm H 2 O, while ventilating in prone position eliminated the dorsal-to-ventral gradient. 39 All these results are consistent with our findings, as we noted a higher EELI increase in the non-dependent lung regions in the supine position than in the dependent regions. This homogeneity of air distribution may be of interest in hypoxemic patients, in whom prone positioning could improve the oxygenation efficacy of the high-flow oxygen therapy, since it has been suggested that response in P aO 2 is associated with a more homogeneous regional inflation. 40 Furthermore, better oxygenation has been recently described as a predictor of HFNC treatment success. 12 These findings in healthy subjects, if confirmed in hypoxemic patients, would be of interest in high-flow treatment. Prone positioning in this population could improve oxygen therapy efficacy. However, 2 issues should be assessed in hypoxemic patients. First, tolerability of the prone position of patients with a high work of breathing, and, second, the consequences of this more homogeneous pattern on gas exchange and on alveolar stress and strain in the injured lung. Moreover, the degree of alveolar recruitability of HFNC therapy could change, depending on the lung pathology. It would also be interesting to evaluate the relationship between the magnitude of this EELI in- crease and the degree of the associated clinical changes. For this purpose, the ⌬EELI/⌬lung volume relation should be calculated with a nitrogen wash-out maneuver. 30 These questions should be examined on further investigations that could contribute to the growing body of information regarding HFNC therapy.
A significant decrease in the breathing frequency was observed when HFNC was implemented, in both body positions. This finding is consistent with results observed in previous studies that included patients with acute respiratory failure, 1, 2, [11] [12] [13] 25 where this decrease in breathing frequency was not associated with hypercapnic acidosis. [11] [12] [13] Different reasons may explain these results. The first explanation that may partially explain this fact is the reduction of the anatomic dead space generated by the continuous administration of high flow of gas, known as washout effect. 2, 4, 18 More importantly, the reduction in breathing frequency may be a consequence of an increase in tidal volume. In this sense, a similar decrease in breathing frequency and an increase in tidal volume inferred by the tidal impedance variation when HFNC was applied have been previously reported. 19 Our study has certain limitations. Some are inherent to the EIT technique. We estimated changes in EELV by changes in EELI. Bikker et al found that this correlation was significant but relatively low (r ϭ 0.79, R 2 ϭ 0.62). 41 However, in this study a PEEP trial was performed, so potential thorax geometry changes and craniocaudal thorax structure movements could distort ⌬impedance measurements. On the other hand, Erlandsson et al found good agreement between tidal impedance variation and tidal volume (R 2 ϭ 0.95), 42 Richard et al validated EIT as a regional lung ventilation monitor by positron-emission tomography in healthy individuals with a coefficient of determination of 0.63, 37 and Hinz et al also described good agreement between changes in EELV and changes in EELI (R 2 ϭ 0.95) measuring impedance and lung volume with an open circuit nitrogen washout technique. 30 The measurement of EIT reflects only a single cross-sectional slice of the lung, so the rest of the organ is ignored. Moreover, thorax shape can contribute as much as lung volume to thoracic impedance. 28 However, as the system records relative measurements and not absolute impedance distribution, the impedance changes are related to lung volume changes, as chest wall impedance remains relatively constant. Therefore, a reference is needed; in this study we used the tidal impedance variation of the first stable respiratory cycle.
In some subjects the application of the electrode belt may present technical difficulties. We found problems in only one subject, due to the loosening of the contact between 2 electrodes and the skin during the breathing movements. The values derived from these EIT measurements were not reliable, so they were excluded from the analysis.
Moreover, another subject completed only the supine period of the study, so comparison of supine versus prone was done with a sample size of 18 subjects. Finally, the findings of this study are conclusive but limited to healthy subjects. However, to our knowledge, this is the first study about the effect of prone positioning in EELI of subjects with high-flow nasal therapy. Whether similar findings are found in subjects with lung disease should be confirmed in further studies.
Conclusions
We conclude that the application of noninvasive HFNC in healthy subjects significantly increases their EELI, a fact that suggests an increment of functional residual capacity in both supine and prone positions. HFNC application decreases the breathing frequency in both positions. Prone positioning homogenizes the distribution of ⌬EELI in these subjects. The evidence of these findings in our population may help to develop new management strategies for hypoxemic patients receiving high-flow oxygen therapy.
